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Abstract 

Goal and Background. Current Life Cycle Impact Assessment 
(LCIA) procedures have demonstrated certain limitations in the 
South African manufacturing industry. The aim of this paper is to 
propose new characterisation and normalisation factors for classi¬ 
fied mined abiotic resource depletion categories in the South Afri¬ 
can context. These factors should reflect the importance of mined 
resources as they relate to region-specific resource depletion. The 
method can also be applied to determine global factors. 

Methods. The reserve base (as in 2001) of the most commonly 
produced minerals in South Africa is used as basis to determine 
characterisation factors for a non-renewable mineral resources cat¬ 
egory. The average production of these minerals from 1991 to 2000 
is compared to economically Demonstrated and Demonstrated 
Marginal Reserves (and not ultimate reserves) to obtain the charac¬ 
terisation factors in equivalence units, with platinum as the reference 
mineral. Similarly, for a non-renewable energy resources category, 
coal is used in South Africa as equivalent unit as it is the most impor¬ 
tant fossil fuel for the country. Crude oil and natural gas resources 
are currently obtained from reserves elsewhere in the world and char¬ 
acterisation factors are therefore determined using global resources 
and production levels. The normalisation factors are based on the 
total economic reserves of key South African minerals and world 
non-renewable energy resources respectively. A case study of the 
manufacturing of an exhaust system for a standard sedan is used to 
compare LCIA results for mined abiotic resource categories that are 
based on current LCIA factors and the new South African factors. 

Results and Discussion. The South African LCIA procedure dif¬ 
fers from current methods in that it shows the importance of other 
mined resources, i.e. iron ore and crude oil, relative to PGMs and 
coal for the manufacturing life cycle of the exhaust system. With 
respect to PGMs, the current characterisation factors are based 
on the concentrations of the metals in the ores and the ultimate 
reserves, which are erroneous with respect to the actual availabil¬ 
ity of the mineral resources and the depletion burden placed on 
these minerals is consequently too high. 

Conclusions. The South African LCIA procedure for mined abi¬ 
otic resources depletion shows the significance of choosing a 
method, which is inline with the current situation in the mining 
industry and its limitations. 

Recommendations and Outlook. It is proposed to similarly inves¬ 
tigate the impacts of the use of other natural resource groups. 
Water, specifically, must receive attention in the characterisation 
phase of LCIAs in South African LCAs. 

Keywords: Catalytic converter exhaust systems, manufacturing; en¬ 
vironmental performance; life cycle impact assessment (LCIA); mined 
abiotic resources categories; resource depletion; South Africa 


1 Introduction 

A framework for Life Cycle Impact Assessments (LCIAs) has 
been proposed for Life Cycle Assessment (LCA) studies in 
South Africa [1,2]. The framework shows that impacts should 
be calculated separately on four natural resource groups as 
Areas of Protection (AoP): air, water, land and mined abiotic 
resources. In terms of the latter, the framework addresses the 
impacts on mineral and energy reserves separately. However, 
the characterisation models that are used for the classified 
mineral and energy categories (and other categories) have been 
questioned in the South African (and World) context [1, 3]. 
Furthermore, the normalisation procedure that has been pro¬ 
posed through the framework focuses on the current and target 
state of mined abiotic resources [1,2]. Where new characterisa¬ 
tion procedures are introduced for mineral and energy resource 
categories, the normalisation factors should be revised. 

1.1 Characterisation models for the use of natural abiotic 
resources 

Literature distinguishes between three types of natural abiotic 
resources: deposits, funds and flows [4]. This paper focuses 
on deposits, i.e. mineral (metallic and non-metallic) and en¬ 
ergy reserves, or mined abiotic resources, that are depleted by 
industrial activities and which are not regenerated within hu¬ 
man lifetimes. The United Nations Environmental Programme 
(UNEP) and the Society for Environmental Toxicology and 
Chemistry (SETAC) global life cycle initiative [5], and espe¬ 
cially the deliverables of the LCIA Programme of the initia¬ 
tive, addresses the use of these resources. The background 
documentation of the definition study of the LCIA Programme 
[6] indicates that the impacts associated with mined abiotic 
resource use depends on the future availability of the specific 
resource and the technologies that will be available to provide 
the resource in the required quality. 

The existing impact assessment methods for the mined abiotic 
resource categories have been defined to fall into six groups [4]: 

• No aggregation or assessment of mined abiotic resource 
depletion in the characterisation phase of LCIAs (but 
rather in later phases, e.g. during weighting) [7]. 

• Aggregation of natural resource extractions on a mass 
basis [8]. 

• Aggregation and assessment based either on the quantity of 
resource that is ultimately available, or the (perceived) part 
of the reserve base that can be economically extracted, and 
the extraction rate at the time of the assessment [9-12]. 
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• Aggregation and assessment based on the cost associ¬ 
ated with substituting current extraction processes by 
improved (presumed) sustainable processes [13]. 

• Aggregation and assessment based on energy or exergy 
content or change [7,14]. 

• Aggregation and assessment based on the change in the 
anticipated environmental impact of the resource extrac¬ 
tion process due to lower-grade deposits that have to be 
mined in the future [15,16]. 

In terms of energy consumption as a means of assessment and 
aggregation, the definition study of the LCIA Programme [6] 
indicates that future energy requirements for technologies for 
the depletion of mined abiotic resources have been suggested 
[17] with additional operational contributions [15,16,18,19]. 
One of these operational procedures that are commonly used 
for decision support in the manufacturing sector of South Af¬ 
rica, the Eco-indicator 99 method [16], only takes into account 
the long-term trends of lowering resource quality. The method 
assumes that if the quality of a mined abiotic resource is re¬ 
duced over time, the effort to extract the remaining resource 
will increase. Market forces will further ensure that the highest 
quality of the resource is exploited at all times. The increased 
future efforts are expressed in surplus energy units, i.e. the dif¬ 
ference between the energy that is needed to extract a resource 
presently and at some point in the future. The future surplus 
energy calculation is based on an arbitrary multiplication of the 
amount of a resource that has been extracted prior to 1990 
[15]. The most important strong point of the method is that the 
modelling is not directly dependent on estimates of future re¬ 
serves and annual consumption, which are difficult to predict. 
The main weak points are specified as the following [16]: 

• The assumption that there will be no sudden and discon¬ 
tinuous changes in the gradual decrease of resource qual¬ 
ity. In the case of oil and natural gas resource certain 
abrupt changes are to be expected. 

• All mineral resources are considered to be of equal im¬ 
portance to mankind over time. 

• The possibilities of substitution of a mineral by another 
are not taken into account. 

Another characterisation procedure that is commonly used in 
South Africa, the CML methodology [4], applies the ultimate 
reserves and rates of extraction approach, which reflect the 
seriousness of resource depletion [10]. The characterisation 
factor is referred to as the Abiotic Depletion Potential (ADP) 
of each resource compared to a reference resource through 
the following formula (for mineral resources) [4]: 


ADPi = 


DRj ; , (Rref ) 2 
(Ri ) 2 DR ref 



Where 

ADPj= Abiotic Depletion Potential of resource i (dimension¬ 
less) 

R = Ultimate reserve of resource i (kg) 

DR { = Extraction rate of resource i (kg.yr -1 ) 

R ref = Ultimate reserve of the reference resource, viz. anti¬ 
mony (kg) 

DR ref = Extraction rate of the reference resource (kg.yr -1 ) 


This method is partly operational as ADPs have been devel¬ 
oped for elements only [9], and not for resources as are re¬ 
corded in Life Cycle Inventories (LCIs). With respect to the 
use of energy resources a DR { (in MJ.yr -1 ) and R { (in MJ) 
has been determined for fossil energies in general and an 
ADP factor subsequently calculated per MJ used. ADPs for 
the separate energy resources are thereafter determined based 
on the specific heating values of the resources. The main 
weak point of this approach is that it is based on the estima¬ 
tion of the quantities of remaining stocks, which is difficult 
without defining the quality requirements for the resource 
(in the future). Furthermore, the method does not take into 
account different extraction scenarios or technologies that 
will be available in the future. 

The background documentation of the LCIA working group 
of the global life cycle initiative describes the importance of 
dissipative use as the state of the art approach to character¬ 
ise mined abiotic resources, although no definite methodol¬ 
ogy is introduced [6]. The current situation with practically 
all metals is that a certain amount in usage is annually recy¬ 
cled and virgin metal is added to the amount that is cur¬ 
rently in use. Mineral consumption rose significantly in the 
twentieth century and particularly since 1960 [20]. Overall 
only a small fraction of the metals is removed from the glo¬ 
bal inventory by dissipative use. This is the case for a rela¬ 
tively inexpensive metal such as iron and much more so for an 
expensive metal such as platinum. Therefore, the attention 
should not only be on the dissipative use at present, but also 
on the increase of most metals that is in use. This increasing 
amount of metals in use leads to the ongoing depletion of the 
natural reserves, i.e. through the mining industry. 

1.2 Normalisation factors for mineral and energy resources 

Normalisation factors are also stipulated separately for the 
available operational procedures. In the case of the Eco-indi- 
cator 99 method [16], the total inventory of mass and energy 
used (mostly for 1993 as base year) for the whole of Western 
Europe (assumed population of 495 million) for one year per 
person is used as the basis for the normalisation factors. Where 
country-specific information was inadequate the ratios of to¬ 
tal energy usage and Gross Domestic Product (GDP) were 
used to estimate the yearly usage of the separate resources. 

The operational documentation of the CML method recom¬ 
mends the use of normalisation data based on one geographi¬ 
cally and temporally well-defined reference system, preferably 
the world for one year [4]. Thereby, the normalisation factors 
are based on the ultimate reserves in the world combined with 
yearly depletion on a world level. These reserve and extrac¬ 
tion values are based on various literature sources. 

The main sources of errors with determining normalisation 
factors are attributable to the reliability of data and the uncer¬ 
tainty (in the application of) characterisation factors [21]. Of 
specific concern is the aggregation and consequent disregard 
of region-specific impacts, i.e. mined abiotic resources may be 
at a high level of depletion in certain regions, which would be 
regarded as a high concern compared, for example, to the 
world reserves. The contributions of a life cycle system to sepa¬ 
rate abiotic resource-related problems are therefore not clearly 
visible in the normalisation results of a LCIA study [22]. 
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1.3 Objectives of this study 

This paper introduces a modified approach to the characteri¬ 
sation and normalisation phases of LCIAs for classified mined 
abiotic resource categories. The characterisation factors, to¬ 
gether with normalisation values, better reflect the impacts 
associate with the usage of a life cycle system of mined abiotic 
resources in a regional context, viz. South Africa. The sub¬ 
categories that are introduced, namely mineral and energy re¬ 
serves, specifically address the mined abiotic resource usage 
of the process industry in South Africa. The manufacturing of 
a catalytic converter and assembly in an exhaust system of a 
typical sedan is used as a screening LCA (SLCA) case study, to 
compare the modified procedure with two operational proce¬ 
dures that are currently used in the South African manufac¬ 
turing industry, i.e. Eco-indicator 99 and CML. 

2 Modified Approach to Characterisation and Normalisation 
of Mined Abiotic Resources in South Africa 

2.1 South African characterisation factors for mined abiotic 
resources 

In 2001 the South African national Department of Minerals 
and Energy (DME) determined a 'reserve base' for the most 
common minerals that are currently produced and conse¬ 
quently of importance to the process industry in South Africa 
[23]. The most important fossil fuel energy resource for the 
economy, viz. coal, was also included in the study. The reserve 
base is defined by DME as that part of an identified resource 
that meets specified minimum physical and chemical criteria 
related to current mining and production practices, including 
those for grade, quality, thickness, and depth. These param¬ 
eters encompass those parts of the resource that have a rea¬ 
sonable potential for becoming economically available within 
planning horizons beyond those that assure proven technol¬ 
ogy and current economics. The reserve base is subdivided 
into those resources that are currently economic (Demonstrated 
Reserves) and those that are marginally economic (Demonstrated 
Marginal Reserves). Demonstrated Marginal Reserves refer to 
that part which, at the time of determination, borders on being 
economically producible [24]. Its essential characteristic is eco¬ 
nomic uncertainty and included are resources that would be 
producible, given postulated changes in economic or technologic 
factors. In terms of the proposed approach in this article only 
Demonstrated Reserves are included in the resource base. 

For each of the resources, the average production from 1991 
to 2000 is calculated and compared to the Demonstrated 
Reserves for 2001. The ten-year average is used to minimise 
the effect of annual fluctuations. The model therefore has to 
be updated at least every ten years. Reserves are updated 
regularly and internationally published [20]. Historically 
short-term changes are normally not dramatic and there¬ 
fore it is expected that such changes will not strongly influ¬ 
ence the outcome of a LCA study. For example, in the case 
of South African platinum resources, the Demonstrated Re¬ 
serve was increased by 25% in 1996, but remained constant 
thereafter [20]. Although it would be preferred to have de¬ 
finitive numbers, the drawback is that such numbers, if 
poorly known, would add to the uncertainty in the outcome 
of a LCA study. Furthermore, it is not uncommon that 
changes in characterisation factors (of all impact categories) 


should be considered when examining the results of previ¬ 
ously conducted LCAs. For example, Global Warming Po¬ 
tential equivalency factors are regularly reviewed [25]. 

The result of the average production calculation and com¬ 
parison with the Demonstrated Reserve is an impact score 
that is directly related to the depletion of resources. The 
ratio of the average annual production to the economic re¬ 
serve (depletion factor) determines the rate of depletion: 




Where 

D f = Depletion factor 

P = Average annual production of virgin material (kg.yr 1 ) 
R = Economic reserve for the mineral (kg) 

A smaller ratio indicates a slower rate of depletion. This 
penalises minerals with a high production to reserve ratio, 
i.e. minerals that are currently being depleted at a faster rate. 

In addition to this, the actual use of the mineral for a specific 
process should be weighed against what is currently available 
to determine its relative impact, i.e. by comparing the actual 
use of the mineral to its economic reserve (Use factor ): 


u f = ™ 

R 



Where 

U f = The Use factor that relates the mass of virgin material used 
in a specific process to what is economically mineable 
m = Amount of virgin material used in a specific process (kg) 

The calculated impact score of a mineral X (in a specific proc¬ 
ess) is the product of the Depletion factor and Use factor : 


f 


U = 


X 


A 


% 


V R Z J 


r 


Xm x = 


A 


% 


v R z J 


(per kg %) 



For aggregation purposes, the impact scores must have a 
common unit. This is achieved through the use of equiva¬ 
lents, with platinum as the reference mineral. The impact of 
the use of one mineral can be stated in platinum equivalents 
by comparing its potential impact to the equivalent in plati¬ 
num. Platinum is used as the reference mineral in recogni¬ 
tion of the large role it has played, and is currently playing, 
in the South African economy, and its extensive functional 
properties in society. The potential impact can be described 
as a factor that converts the mass used to its characterisa¬ 
tion value. The characterisation factor for a mineral x (C % ) 
is subsequently calculated by finding the ratio between the 
impact score for mineral % to that of platinum: 



P R z 

x ^ platinum 

T - X 


R 


1 


platinum 


(kg platinum equivalents per kg x) 
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Table 1: Characterisation factors for the depletion of certain South African mineral resources 


Mineral 

10 yr average annual 
production 
(tonnes/year) 

Reserve (2001) 
(tonnes) 

Impact score 
(per kg x) 

Characterisation factor 
(kg platinum eq.) 

Reserve 

(kg platinum eq.) 

Antimony 

4.41x10 3 

2.50x10 s 

7.05x1 O' 8 

9.39x10' 1 

2.35x10 s 

Cobalt 

2.62x10 2 

1.50x10 4 

1.16x1 O' 6 

1.55x10' 1 

2.32x10 3 

Copper 

1.61x10 5 

1.30x10 7 

9.51x10' 10 

1.27x1 O' 2 

1.65x10 s 

Fluorspar 

2.19x10 5 

8.00x10 7 

3.42x10' 11 

4.56x1 O' 4 

3.65x10 4 

Gold 

5.27x10 2 

3.60x10 4 

4.07x1 O' 7 

5.42x10° 

1.95x10 s 

Iron Ore 

3.02x10 7 

1.50x10 9 

1.34x10' 11 

1.79x10' 4 

2.68x10 s 

Lead 

8.48x10 4 

3.00x10 6 

9.42x1 O' 9 

1.26x10' 1 

3.77x10 s 

Manganese Ore 

3.03x10 6 

4.00x10 9 

1.90x1 O' 13 

2.53x1 O' 6 

I.OIxlO 4 

Nickel 

3.23x10 4 

1.20x10 7 

2.24x1 O' 10 

2.98x1 O' 3 

3.58x10 4 

Platinum 

1.16x10 2 

3.93x10 4 

7.51x1 O' 8 

1.00x10° 

3.93x10 4 

Palladium 

5.83x10' 

1.98x10 8 

1.49x1 O' 7 

1.98x10° 

3.93x10 4 

PGMs 

1.85x10 2 

6.28x10 4 

4.68x1 O' 8 

6.24x10' 1 

3.93x10 4 

Rhodium 

l.llxlO 1 

3.77x10 3 

7.82x1 O' 7 

1.04x10 1 

3.93x10 4 

Silver 

1.70x10 2 

1.00x10 4 

1.70x1 O' 6 

2.27x10 1 

2.27x10 s 

Uranium 

1.60x10 3 

2.84x10 s 

1.98x1 O' 8 

2.64x10' 1 

7.49x10 4 

Zinc 

7.1 IxlO 4 

1.50x10 7 

3.16x10' 10 

4.21x1 O' 3 

6.32x10 4 


Table 2: Characterisation factors for the depletion of energy resources 


Fossil fuel 

10 yr average 
annual production 
(tonnes/year) 

Reserve (2001) 
(tonnes) 

Impact score 
(per kg %) 

Characterisation 

factor 

(kg coal eq.) 

Reserve 
(kg coal eq.) 

Coal (World) 

4.54x10° 

9.84X10 11 

4.69x10' 1S 

1.00x10° 

9.84X10 11 

Crude Oil (World) 

3.34x10° 

1.43x10 11 

1.64x1 O' 13 

3.50x10' 

5.01x10 12 

Natural Gas (World) 

1.97x10° 

1.40X10 11 

I.OIxlO' 13 

2.15X10 1 

3.01x10 12 


The resulting characterisation factor takes the same form as 
that used in the CML method, but using economic (proven) 
reserves in place of ultimate reserves. Table 1 summarises 
the characterisation factors for a number of minerals in the 
South African context. 

As stated before, the South African economy relies heavily 
on coal as an energy resource. Although natural gas fields 
have recently been discovered off the coast of Southern Af¬ 
rica [26], crude oil and natural gas that are used for eco¬ 
nomic activities are currently largely obtained from reserves 
elsewhere in the world. Therefore, in terms of calculating 
characterisation factors for all non-renewable energy re¬ 
sources, the average annual production and economic re¬ 
serves of the world are used [27] (Table 2). 

2.2 South African normalisation values for mined abiotic re¬ 
sources 

The South African normalisation factors follow the same 
principle used by the CML method. However, the charac¬ 
terisation factors are based on economic reserves and not 
on ultimate reserves. The characterisation factor is divided 
by the sum of the economic reserves expressed in platinum 
equivalents (or coal equivalents) for normalisation. The nor¬ 
malisation factor is therefore: 

1 

N-ys -- (kg equivalents) (6) 

Zj200 i K 


In South Africa the total economic mineral reserves are equal 
to 1.8 lxl0 6 kg platinum equivalents (see Table 1), and the 
normalisation factor for the classified mineral depletion cat¬ 
egory is therefore 5.52xl0 -7 . In terms of fossil fuels, the to¬ 
tal world reserves (including world oil and natural gas) is equal 
to 6.19X10 11 kg coal equivalents (see Table 2), and the nor¬ 
malisation factor for the classified energy depletion category 
is therefore 1.62xl0 -12 . 

3 Case Study: The manufacturing of catalytic converter 
exhaust systems in South Africa 

The South African automotive industry generates approxi¬ 
mately 1.2 billion Euros annually in foreign revenue from 
the export of automotive components. The main destina¬ 
tion of the components is the European Union, and the most 
important component is exhaust systems with catalytic con¬ 
verters (Fig. 1) [28]. The latter can be attributed to the large 
South African platinum industry. South Africa is estimated 
to have 88% of the world's economically recoverable re¬ 
serves of platinum [29]. Of increasing international impor¬ 
tance, is the measurement of the environmental perform¬ 
ance of the supply chain of purchased products, i.e. sus¬ 
tainable supply chain management. This requires an under¬ 
standing of the region-specific environmental impacts asso¬ 
ciated with the manufacturing of the products, e.g. exhaust 
systems [30]. 
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South African 
component 
manufacturers 




• Catalytic converters 

(26.6 %) 

• Stitched leather seat covers 

(19.5%) 

• Tyres 

(6.6 %) 

• Exhaust systems 

(6.2 %) 

• Wheels (mostly aluminium) 

(5.4 %) 


Fig. 1: The main manufactured automotive components in South Africa 
and export destinations (percentages reflect the economic value of all 
exported components) 

3.1 Goal and scope of the screening life cycle assessment 
(SLCA) case study 

3.1.1 Functional unit and boundaries of the SLCA case study 

The case study considers the manufacturing of an exhaust 
system (with a catalytic converter) in South Africa for use in 
a specific sedan with the intent to export, i.e. it is a cradle- 
to-gate SLCA of an exhaust system supplied to an automo¬ 
bile Original Equipment Manufacturer (OEM). The actual 
use and disposal of the exhaust system (and catalytic con¬ 
verter) is not included, as these stages of the life cycle are 
uniform irrespective of the manner by which the exhaust 
systems are manufactured. The subcomponents of such a 
sedan-specific exhaust system, as supplied to an OEM for 
assembly into the sedan, are summarised in Table 3. The 
total mass of one exhaust system, ready for assembly in a 
sedan, i.e. the functional unit of the study, is approximately 
34 kg and the total economic value in the order of 3000 
Euros. The unit processes that serve to provide input streams 
into the life cycle, and which are included in the boundaries 
of the study, are determined by the relative mass, energy 


and economic value of the input streams compared to the 
functional unit [31]. According to this Relative Mass-En¬ 
ergy-Economic (RMEE) method, unit processes with a mass, 
energy and economic ratio of less than 0.05 compared to 
the functional unit will contribute less than 5 % of the over¬ 
all environmental impacts of the life cycle system [32]. The 
functional unit of this case study does not have an actual 
energy value and this parameter is not included in the RMEE 
method. It should be noted that problems have been associ¬ 
ated with cut-off procedures in life cycle studies [33]. How¬ 
ever, for this simplified SLCA case study, the RMEE method 
is assumed adequate to determine the most important proc¬ 
esses that contribute to the impacts of the overall system. 

3.1.2 Allocation of environmental impacts of the SLCA 
case study 

The base metal extraction process to obtain the platinum 
group of metals (PGMs) for the catalytic converter of the 
exhaust system highlights the production of minerals other 
than PGMs. Allocation is therefore necessary to determine 
the impacts for the production of the separate minerals. The 
mass of produced PGMs is typically a factor of approxi¬ 
mately 1000 less than the produced base metals [34]. Where 
gate-to-gate LCAs have been conducted in this industry sec¬ 
tor, it has subsequently been proposed to base the allocation 
on the mass of produced metals [35]. However, with respect 
to the use of the produced metals in further life cycle sys¬ 
tems, the PGMs contribute approximately 85% of the total 
revenue from the ore body [34]. Therefore, in South Africa, 
the mines are true PGM mines and the value of the base 
metals would not have justified the mining operation. For 
the SLCA case study the allocation is subsequently based on 
the economic value of the metals extracted. 


• 74 % to Europe (46 % to Germany) 

• 10 %to North America 


Table 3: Subcomponents of a sedan-specific exhaust system manufactured in the Republic of South Africa (RSA) 


Subcomponent 

Function 

Material 

Weight 

Supplier 

Exhaust casing 

Houses the catalytic converter 

411 SS 

23.2 kg 

Columbus Steel (RSA) 

Mantel 

Outer housing 

411 SS 

0.8 kg 

Columbus Steel (RSA) 

Coated ceramic bricks 
(monolith) 





Ceramic bricks 

Catalyst support 

talc, koalin, alunmina, 
cordierite 

1.4 kg 

(for 2 bricks) 

NGK (Japan, RSA) 

PGM catalyst 

Reduction of harmful gases 

platinum, rhodium, 
palladium 

6.5 g 

Western Platinum (RSA) 

Washcoat 

Carrier for PGMs 

Al 2 0 3 (10%), Ce0 2 
(20%), Zr0 2 (70%) 

0.2 kg 

Horias (RSA) 

Cones 

Fits converter to exhaust piping 

309 SS 

0.7 kg 

GBG (RSA) 

Expanding mats 

Cones wrapping for insulation 

Durablanket textile 

< 0.1 kg 

Feltex (USA) 

Insulation mats 

Cones fittings for insulation 

Durablanket textile 

< 0.1 kg 

Carborandum Company 
(RSA) 

Heat shields 

Inner spacers 

1.4301 SS 

0.3 kg 

ZS Augsburg (Germany) 

Plastic spacer rings 

Outer spacers 

No information 

< 0.1 kg 

GP Plastics (RSA) 

Wire mesh rings 

Holds ceramic bricks together 

310 SS 

0.5 kg 

Catalyst Support 
Systems (RSA) 
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3.1.3 The purpose of the SLCA case study 

The compiled life cycle system utilises a variety of non-re¬ 
newable mineral and energy resources. The exhaust system 
SLCA is therefore a good case study to compare the results 
of the Life Cycle Impact Assessment (LCIA) phase of the 
SLCA, using the Eco-indicator 99, CML, and modified South 
African approach for non-renewable resource use catego¬ 
ries only. Thereby, only the input streams of non-renewable 
resources to the unit process (included in the boundaries) 
are considered in the SLCA case study. 

3.2 Life Cycle Inventory (LCI) analysis of the screening life 
cycle assessment (SLCA) case study 

A simplified process diagram for the manufacturing of an 
exhaust system is shown in Fig. 2. The following sources 
were used to obtain the non-renewable resource inputs to 
the unit processes: 


• Personal interviews, held with the South African process 
and manufacturing industries. 

• Company-specific publications, e.g. environmental re¬ 
ports. 

• International literature and reference material. 

The most important input constituents in terms of non-renew¬ 
able resources (in South Africa) are summarised in Table 4. 
These life cycle inventory (LCI) constituents contribute more 
than 99% to the non-renewable impact categories of the 
Eco-indicator 99, CML, and modified South African ap¬ 
proach of the LCIA. Therefore, although all of the unit proc¬ 
esses (shown in Fig. 2) do use noteworthy amounts of non¬ 
renewable resources separately, the three LCIA methods do 
not highlight the excluded unit processes (and other input 
non-renewable streams) as significant when considering the 
overall life cycle system (of the functional unit). 



Fig. 2: The life cycle of the manufacturing of an exhaust system in South Africa. Shaded areas: processes not included in the boundaries of the life cycle 
system. Non-shaded areas: processes included in the boundaries of the life cycle system 


Table 4: Life Cycle Inventory (LCI) profile of the exhaust life cycle system 



Non-renewable input stream 

Value 

Unit processes (in Fig. 2) 

Mineral resources 

Iron (from ore) 

31.6 kg 

Steel manufacturing, 

Catalytic converter manufacturing 


PGM, primarily platinum (from ore) 

6.5g 

PGM metals manufacturing, 

Ceramic brick coating 

Energy resources 

Coal 

710 kg 

Electricity generation, 

All other unit processes 


Crude oil 

427 kg 

Energy production and generation, 

Sea and road transportation 


Natural gas 

50.3 kg 

Energy production and generation, 

Road transportation 
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3.3 Life Cycle Impact Assessment (LCIA) of the screening life 
cycle assessment (SLCA) case study 

3.3.1 Characterisation 

The characterisation results for the mineral and energy resources 
categories (for the three LCIA methodologies evaluated and 
compared in this paper) are shown in Fig. 3 and Fig. 4. Per 
manufactured exhaust system, the Eco-indicator 99 procedure 
indicates the use of the platinum group of metals (PGMs) to 
be most important in terms of mineral resources use, and coal 
and crude oil in terms of energy resources use. The CML LCIA 
procedure indicates similar results for the mineral resources 
category, but with respect to energy resources shows the use 
of coal (for electricity generation and fuel production in South 
Africa) as the most important parameter. The modified South 
African LCIA procedure assigns the use of PGMs and iron 
(for steel manufacturing) as the highest characterised inven¬ 
tory constituents with respect to mineral resources, and the 
use of coal and crude oil (in the processing industry) to have 
the highest impact in terms of energy resources similar to the 
Eco-indicator 99 procedure. 


3.3.1.1 Mineral resources category 

The determination of the characterisation values and their 
impact on the outcome on the final result is of great impor¬ 
tance, and warrants further discussion. The focus of the dis¬ 
cussion is on the background and impact of the characteri¬ 
sation factors on the outcome summarised in Table 5. 

Eco-indicator 99. Eco-indicator 99 uses a method that is based 
on current concentrations of ore within the earths crust and the 
change in these concentrations over an arbitrary period. The 
existing concentration of the ore within the earths crust has a 
larger effect on the final result than from the change in its con¬ 
centration. The result is a high penalty for minerals that are 
mined at low concentrations. Therefore the method values the 
concentration of an ore much more than the scarcity. Also, the 
environmental impacts of concentration are dealt with under 
other categories such as solid waste creation, energy use, water 
use, etc. in the evaluation of the processing that is required to 
extract the required mineral from the ore. Double counting there¬ 
fore occurs when placing a high weight on concentration only. 
The following calculations illustrate this point. 




Table 5: Summary of characterisation results for the mineral resources category from the three LCIA procedures 



Characterisation results 

Mineral 

Modified SA procedure 
(kg platinum eq.) 

CML 

(kg antimony eq.) 

Eco-indicator 99 
(MJ surplus energy) 

Iron (from ore) 

0.00565 

0 

0.916 

PGMs (from ore) 

0.01945 

0.00838 

462 


168 


Int J LCA 11 (3) 2006 

























































































































































LCA Methodology 


Catalytic Converter Exhaust Systems 


The Eco-indicator 99 expresses the impacts on the mineral 
resources category in terms of surplus energy in MJ per tonne 
of mineral, through the following equation: 

A A 


Where 

A = The energy used for mining (400MJ/t for open pit, 
lOOOMJ/t for underground, constant for all ores) 
g x = The ore grade of presently mined ores 
g 2 = The ore grade of future mined ore grades (when 5 times 
the current amount has been extracted) 

The parameter g 2 is calculated from g a using the cumulative 
probability distribution (g, Q) of ore grades: 


logg 2 


, 0.6989 

= loggi- 

m 



Where log is the base 10 logarithm and m is estimated from 
readings of (g, Q) distributions; for platinum, m = 5.6 [36]. 
Using a current ore grade of 4.7xlCH% for g 1? the surplus 
energy (for platinum) for underground mining is derived as 
7.083xl0 7 MJ/t. 

The above calculation shows that the characterisation factor 
has a high dependency on the current concentration of the 
mineral in the ore body and not on the change in its concen¬ 
tration. This is further demonstrated by substituting platinum 
with iron in the equations. Using the same m value, i.e. same 
change in concentration over time, and, for consistency, as¬ 
suming underground mining, together with an iron concen¬ 
tration in typical ore of 70%, the surplus energy for iron is 
calculated to be 4.76xl0 2 MJ/t. If an opencast situation is as¬ 
sumed for iron ore, i.e. a value of 400 MJ/t for the parameter 
A in equation 7, the surplus energy for platinum is calculated 
to be 2.83xl0 7 MJ/t and for iron 1.91xl0 2 MJ/t. 

A difference in the characterisation factor of 5 orders of 
magnitude for similar and different conditions and different 
concentrations shows the dependency on current concen¬ 
trations, which are not synonymous with scarcity. 

CML. The CML method uses annual production figures and 
ultimate reserves to determine characterisation factors (see 
equation 1 in section 1.1). Table 6 summarises the charac¬ 
terisation factors for platinum and iron in comparison to 


the reference mineral of CML, i.e. antimony. The estimated 
reserves are averaged over the earths crust to depths beyond 
current mining practices. 

There exists a high uncertainty upon which these estimates 
are based in terms of actual quantities and future available 
technology. The effects of using ultimate reserves are more 
clearly visible in the normalisation step and will be given 
more attention there. 

Modified South African procedure. The results show that 
the use of 31.6 kg of iron (from ore) is comparable to the 
use of 6.5 g of platinum, i.e. a factor of approximately 3 
orders of magnitude, which is a dissimilar result to the other 
two methods. By using 6.5 g of PGMs, the life cycle system 
reduces the economic reserve (6.28xl0 4 tonnes) by this 
amount, or by 1.04xl0 _8 %. By using 31.6 kg of iron, the 
economic reserve (1.50xl0 9 tonnes) is therefore reduced by 
this amount, which is 2.11xl0 _9 %. The actual depletion of 
economic reserves differs by a factor of 1 order of magni¬ 
tude, which is comparable with the characterisation results. 

3.3.1.2 Energy resources category 

The characterisation results are summarised in Table 7. The 
results show the use of coal is the dominant fossil fuel for all 
models, and specifically for the energy requirements in PGM 
mining, processing and auxiliary unit processes. 

Eco-indicator 99. The Eco-indicator 99 procedure assumes 
the full substitution of energy sources and has produced vari¬ 
ous scenarios for substitution, including oil replaced by shale 
oil and lignite being substituted by brown coal. In the case 
of oil the extra energy required to remove shale oil as com¬ 
pared to conventional oil is much greater than the differ¬ 
ence between lignite and brown coal. This results in a higher 
penalty for oil than for coal. 

CML. Similar to the Eco-indicator 99 model, the CML pro¬ 
cedure also assumes the full substitution of energy sources. 
All fossil fuels are summed based on their ultimate reserves 
in energy units. The ultimate reserves are estimated from 
economic databases. The ratio of carbon in geological for¬ 
mations to proven carbon reserves is used to convert eco¬ 
nomic reserves to ultimate reserves. The fossil fuels are then 
characterised by this common reserve multiplied by the heat¬ 
ing value of the specific fossil fuel. 


Table 6: CML characterisation factors with antimony as the reference mineral 


Mineral 

Extraction 

(kg/yr) 

Ultimate reserve 

(kg) 

Characterisation factor 

Antimony 

6.06x10 7 

4.63x10 15 

1 

Platinum 

4.90x10 4 

1.16x10 14 

1.29 

Iron 

4.05X10 11 

1.30x10 21 

8.43x1 O' 8 


Table 7: Summary of characterisation results for the mineral resources category from the three LCIA procedures 



Characterisation results 

Mineral 

Modified SA procedure 
(kg coal eq.) 

CML 

(kg antimony eq.) 

Eco-indicator 99 
(MJ surplus energy) 

Coal 

790 

10.6 

199 

Crude Oil 

472 

0.271 

79.9 

Natural Gas 

53 

0.0512 

11.9 


Int J LCA 11 (3) 2006 


169 























Catalytic Converter Exhaust Systems 


LCA Methodology 


Modified South African procedure. The characterisation fac¬ 
tors are based on the comparison of each fossil fuel with its 
reserve. As there is a large difference in global reserves between 
coal and oil, i.e. coal is much more abundant, the characterisa¬ 
tion factor for oil gets a larger rating then the one for coal. 

3.3.2 Normalisation 

Eco-indicator 99. The normalisation step of the Eco-indicator 
99 procedure (Fig. 5) places the same emphasis on the use of 
energy resources as that on mineral resources, and shows that 
the use of PGMs is the most important environmental param¬ 
eter in terms of overall resource use in the manufacturing life 
cycle of the exhaust system. The effect of the low concentra¬ 
tion at which platinum is mined therefore filters through to 
the normalisation step and finally to the Single Score. This has 
a large impact on the outcome of the LCA. 


CML. The CML procedure uses the same normalisation fac¬ 
tor for both categories, i.e. it considers abiotic depletion as 
a single category. The results show that the use of the re¬ 
quired fossil fuel resources completely overrides the impor¬ 
tance of the mineral resources (Fig. 6). Specifically, the use 
of coal in the life cycle is indicated to be the most important 
environmental consideration. By taking into consideration 
all the resources present in the earth's crust, including re¬ 
sources that are unlikely ever to be classified as reserves, the 
scarcity of the minerals is underestimated 

Modified South African procedure. The modified South Afri¬ 
can LCIA procedure highlights the use of PGMs, iron, coal and 
crude oil resources to be the main consideration with respect to 
the overall mineral and energy resource use in the exhaust sys¬ 
tem life cycle (Fig. 7). This correlates well with the amounts 
used in conjunction with their economic scarcity. The results 
are therefore a reflection of the current situation, in terms of 
availability of minerals, and the effect of their uses in industry. 
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Fig. 5: Normalisation results of the Eco-indicator 99 procedure for the exhaust system life cycle 
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Fig. 6: Normalisation results of the CML procedure for the exhaust system life cycle 
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Fig. 7: Normalisation results of the modified South African LCIA procedure for the exhaust system life cycle 
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4 Conclusions 

The characterisation approach and normalisation values of 
the modified South African LCIA procedure for abiotic re¬ 
source depletion show the significance of choosing a method, 
which is inline with the situation in the mining industry and 
its limitations. The availability of resources for economic 
activities differ between regions, and the importance of the 
resources is consequently perceived to be different within 
regions compared to a global scale. The method can there¬ 
fore be applied on both a regional and global scale depend¬ 
ing on the specific requirements of the LCA practitioner. 

The modified South African LCIA procedure proposes that 
the economical reserves should be used to obtain equiva¬ 
lency characterisation factors for mined abiotic resources 
categories in place of ultimate reserves. The same applies 
for the normalisation step. 

Similar to the mined abiotic resources categories, the use of 
other natural resources in South Africa (as environmental im¬ 
pact categories) will be investigated. Specifically the use of wa¬ 
ter as a resource should be differentiated with respect to surface 
and groundwater reserves, as has been documented in the defi¬ 
nition study of the global life cycle initiative's LCIA programme. 
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